Abstract: An investigation was made to determine the effects of tungsten surface coating on the 1 coefficient of friction of sliding contact between lubricated steel surfaces. The four-ball test was 2 modified, using a tungsten carbide ball bearing in the spindle to cause sliding contact onto three 
Introduction

9
The ability to reduce the coefficient of friction (COF) during sliding contact between two steel 10 surfaces is a capability with countless applications in mechanical engineering design. Often (but not 11 exclusively) friction is desired to be minimized between two surfaces in sliding contact, as friction can The four-ball test will deviate significantly from the ASTM D4172 standard in order to focus on 80 tungsten-based lubricants. Of primary interest are the WS 2 coatings; the bottom ball bearings can 81 easily and inexpensively receive a WS 2 coating; this lamella coating, under the brand name Dicronite,
82
is used as a commercially available solid lubricant, and has an advertised COF of 0.03 tested with an 83 incline plane test [43] . The steel balls used in the four-ball test have a Rockwell hardness of 64-66.
84
The WC coating, however, has its own unique challenges as the HVOF requires the part subjected 85 to coating to be held down in place; a unique challenge for a 1/2-inch diameter ball bearing. It could 86 not be expected that the ball bearings to get an even coating of WC, and therefore ball bearings of G25 87 quality made of pure WC will be used instead for the top ball in the spindle; these ball bearings will 88 be supplied by the manufacturer VXB. Because pure WC will inherently be harder than steel, this is 89 expected to result in a slightly lower COF. Finally, trials of standard hard-steel G25 ball bearings will 90 also be used to compare the friction changes with and without the WS 2 and / or the WC coatings.
91
The second important consideration is the speed of the test. 
where h min (m) is the minimum film thickness, h c (m) is the central film thickness, U n is the 99 dimensionless speed parameter, G n is the dimensionless material parameter, W n is the dimensionless 100 load parameter, κ ellipse is the ellipticity of the contact area, µ 0 (Pa·s) is the dynamic viscosity of the 101 lubricant at atmospheric pressure, α PVC (Pa −1 ) is the pressure viscosity coefficient, E' (Pa) is the 102 reduced Young's modulus, R' (m) is the reduced radius, W (N) is the load, and U (m/s) is the velocity 103 of sliding contact of the four-ball test
where Ω RPM is the rotation speed in revolutions per minute (r/min) of the four-ball test, and R (meters) 
where W (N) is the load and a (m) represents the radius of the circular region of elastic deformation
where R' (m) is the reduced radius
which is 0.125 inch for the four-ball test. The value of E' (psi) represents the reduced modulus of 
If the average pressure is known, the load can be calculated as
For a four-ball test, the value of W needs to be multiplied by 3 because the load is spread evenly over 125 all three balls being tested.
126
In general, the friction COF will usually (but not exclusively) decrease modestly with increasing fully coated during the entire test; it is realistic that there are moments of pure metal-on-metal contact.
191
With the HG test, it can safely be assumed continual coverage of the lubricant over the area of contact. observed in the data that the COF ratio is observed to decrease (the overall friction force is higher)
Test Results
193
Steel-Steel
200
with the higher speed and the higher load with all-steel ball bearings. 
Steel-WS 2 202
The second series of test utilized the LG configuration steel-on-WS 2 , utilizing the hard steel ball Table   206 2. Just like with the steel-on-steel configuration, these COF results represent the minimum average data that the COF ratio is observed to decrease (the overall friction force is higher) with the higher 
WC-Steel
214
The third series of test utilized the LG configuration WC-on-steel, utilizing the tungsten carbide 215 ball bearing sold by VBX on top, and using the hard steel ball bearings sold by Falex on the bottom.
216
The test was conducted for loads of 13 kg and 47 kg, and at speeds of 200 RPM and 1,200 RPM.
217
The measured friction is tabulated in Table 3 . Just like with the steel-on-steel and the steel-on-WS 2 was oddly lower when considering the first 300 seconds; this is believed as due to the lower speed it 221 will take longer than the initial 15 seconds break-in to have a reasonable amount of wear and surface
222
roughness at the point of contact; therefore it is observed that for 200 RPM trials the minimum possible
223
COF is lower than for 1,200 RPM. After 300 seconds of sliding contact, however, it is clearly observed 224 in the data that the COF ratio is observed to decrease (the overall friction force is higher) with the 225 higher speed and the higher load with all-steel ball bearings. for a load of 100 kg. The measured friction is tabulated in Table 4 . The phenomenon of a lower COF speed is observed after 300 seconds of contact, when the WC starts to get sufficient surface roughness.
234
This is not observed at the 100 kg tests, which has the lowest COF when spun at the high 1,800 RPM 235 speed.
236
Heavy Grease WC-WS 2
237
The friction of sliding contact in the presence of heavy Mobilith SHC 460 grease was also studied is tabulated in Table 5 . It is clear that the minimum COF ratio is significantly less for heavy grease and Jennifer Jensen for useful discussions.
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